Congenital malformations resulting from abnormal environmental conditions affecting the embryo may be due to direct interference by toxic agents on developing tissues. However, it is conceivable that in many instances, perversion of development is a result of induced alterations either in maternal metabolism or in placental function.
In such cases it would be legitimate to regard the production of malformed offspring as a secondary effect. The distinction is an important one since it implies that studies of the functions of foetal membranes, and of changes in maternal homeostatic mechanisms during pregnancy, are proper areas of research for those concerned with the genesis and prevention of congenital malformations in man and animals. The present communication deals with certain aspects of embryotrophic nutrition which are of importance during the organogenetic period of mammalian development, and is intended to serve as an introduction to an explanation of how interference with these ubiquitous processes at critical times during pregnancy may result in abortion or in the production of malformations of varying severity.
A conventional placental mechanism involving direct interchange of nutritional materials between maternal and foetal circulations cannot be established until a great part of organogenesis is complete and the embryonic circulation is sufficiently well developed to perfuse the foetal placenta.
Before this stage is reached a post-implantation embryo must derive raw material and energy for the complicated processes of gastrulation and early organogenesis from the breakdown of maternal endometrial cells and/or of uterine secretions (the so-called embryotroph). The macromolecular constituents of the latter are degraded within the foetal membranes by a process of intracellular digestion and the resultant products, together with any crystalloids absorbed directly from the maternal tissues, reach the embryonic tissues by diffusion. Fig. 1 is a diagrammatic representation of the development of the foetal membranes in the rat. Before fusion of the allantoic bud with the ectoplacental cone ( Fig. I VII) , an important aspect of embryonic nutrition is the breakdown of embryotroph by the cells of the visceral layer of the yolk-sac epithelium (Beck, Lloyd & Griffiths, 1967) ; subsequently, a conventional labyrinthine haemochorial chorioallantoic placenta is formed. However, during this late stage the visceral yolk-sac epithelial cells retain their powers of intracellular hydrolysis, and this may be responsible for the ability of this membrane to select, in certain rodent species, antibodies for onward transmission to the foetus while retaining the power to degrade other macromolecules (BrambelI, 1966) . The evidence for regarding the visceral layer of the yolk-sac as the principal organ of pre-placental nutrition in the rat and for our concept of the cellular mechanisms involved in this process, will now be set out.
EMBRYOTROPHIC NUTRITION IN RAT EMBRYOS
After intravenous injection into pregnant rats at the appropriate stage of gestation, the easily demonstrable histochemical marker protein, horseradish peroxidase (sigma type II), is seen in supranuclear vacuoles in the epithelial cells of the visceral layer of the yolk-sac epithelium (Fig. 2) . The histochemical demonstration of a number of lysosomal enzymes-acid phosphatase (Fig. 3 ), -glucuronidase, organophosphate-resistant non-specific esterase and aryl sulphatase-at identical sites within these cells suggests that these are the sites of intracellular degradation of the ingested macromolecules.
The absence of demonstrable peroxidase in the subjacent mesenchyme, or in the tissues of the embryo itself, tends to support this suggestion.
Double staining for peroxidase and phosphatase by the method of Straus (1964) clearly shows the superimposition of the final reaction products of each reaction. Biochemical evidence is in accord with the histochemical observations. Following the intravenous injection of 1 ml of a 2 per cent aqueous solution of horseradish peroxidase into pregnant rats, either early or late in gestation, the enzyme can be demonstrated 6 hours later in high concentrations in the visceral layer of the yolk-sac, while levels in the chorioallantoic placenta and in the foetus itself are not appreciably above control levels ( Fig. 4) . At the same time the lysosomal enzyme acid phosphatase also has about twice the specific activity in the visceral layer of the yolk-sac than in the chorioallantoic placenta. The excess is not so marked as in the case of peroxidase because Iysosomes clearly have functions in addition to intracellular digestion (De 160 F. BECK AND J. B. LLOYD Duve & Wattiaux, 1966) and their presence in both foetal tissues and In components of the chorioallantoic placenta is beyond dispute. Fig. 2 . Visceral yolk-sac stained for peroxidase from a rat at 11.5 days of gestation, injected 6 hours previously with the enzyme, which is localised in the apical portion~of the: epithelial cells. At the ultrastructural level clear evidence for the intracellular association of hydrolytic enzymes with ingested macromolecules is available. Beneath a well defined brush border a subapical canalicular system is associated with the formation of numerous pinocytic vesicles which in deeper portions of the cell fuse to form larger supranuclear vacuoles or heterophagosomes (Fig. 5 ). Within the latter, macromolecules which were injected into pregnant animals as markers can often be clearly seen; thus Krzyzsowska-Gruca & Schiebler (1967) demonstrated the presence of ferritin in the heterophagosomes of visceral yolk-sac epithelium of treated rats, and Fig. 6 shows injected Fig. 6 . Heterophagosome from visceral layer of yolk-sac epithelium stained for peroxidase (Graham & Karnovsky, 1966) . Intravenous injection of peroxidase to mother 1 hour previously. peroxidase contained within these organelles.
In still deeper regions of the cell the heterophagosomes become associated with lysosomal enzymes to form digestive vacuoles or heterolysosomes ( Fig. 7) and here breakdown of ingested material seems to take place, leaving smaller residual bodies or telolysosomes STUDY OF EMBRYOTROPHIC NUTRITION Fig. 7 . Apical portion of visceral yolk-sac epithelium from rat at 13.5 days of gestation. stained for acid phosphatase by a method modified from Gomori (1952) . Deep to the subapical canalicular system heterophagosomes (H ph) and heterolysosomes containing lead deposits (H Iy) are seen. Primary lysosome (pr Iy) are visible.
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filled with indigestible residues. The latter are particularly abundant in the yolk-sacs of rats approaching full term (Fig. 8 ). The precise manner in which hydrolytic enzymes find their way into heterophagosomes in the visceral yolksac epithelium is still subject to investigation but seems to conform with findings reported in a variety of other animal cells (Novikoff, Essner & Quintana, 1964) . The golgi apparatus is frequently strongly phosphatase-positive ( Fig.  9 ) and appears to be budding off enzyme-laden primary lysosomes which, in fortunate sections, can be seen to fuse with heterophagosomes: occasionally profiles of granular endoplasmic reticulum give a phosphatase-positive reaction and, rarely, a portion opens directly into a heterophagosome without the intervention of the golgi apparatus (Lloyd, Beck, Griffiths & Parry, 1968 ). There is also evidence for the recirculation of enzyme contained in telolysosomes, which is brought about by fusion of the latter with newly formed hetero- phagosomes. In the egg cylinder stage, before the formation of a vitelline circulation ( Fig. 1 V) , digested materials released by the visceral yolk-sac epithelium can find their way to the developing primitive streak embryo by diffusion through a system of permanent intercellular spaces (often sparsely lined with microvilli) which pervade the underlying mesenchyme and are continuous with the extra-embryonic coelom (Fig. 10) . Fig. 11 is a diagrammatic representation of this arrangement. The intracellular association of ingested embryotroph with the catabolic enzymes of extra-embryonic membranes having been established, it is important to measure the extent and rate of the resulting macromolecular breakdown. This will vary with the particular marker used. For example, it has been shown (Jacques, P. 1968. Epuration plasmatique de proteins etrangeres, leur capture et leur destinee dans l'appareil vacuolaire du foie. Thesis, Louvain University) that yeast invertase has a half-life of 5.4 days in rat liver, while at SAGE Publications on June 21, 2016 lan.sagepub.com Downloaded from STUDY OF EMBRYOTROPHIC NUTRITION 165 that of horseradish peroxidase is only a few hours. Jacques attributes this finding to differing susceptibilities to attack by cathepsin. Nevertheless, it is valuable to know the breakdown rate fora standard macromolecule under Fig. 9 . Visceral yolk-sac epithelium from rat at 9.5 days of gestation, stained for acid phosphatase The golgi apparatus is strongly positive. Fig. 10 . Mesenchyme underlying visceral yolk-sac epithelium from rat egg cylinder at 9.5 days of gestation (cf. Fig. 1 V) . An intercellular space lined by microvilli is seen;
this system opens into the underlying extra-embryonic coelom (EEC).
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Mes. normal conditions so that experimentally-produced alterations can be correlated with effects on the foetus.
Pregnant rats at 17.5 days of gestation easily withstand the serial removal of whole conceptuses without interruption of pregnancy or interference with the normal development of remaining foetuses. It is therefore possible to inject horseradish peroxidase into such animals and, by caesarian section, to collect the foetal membranes of individual conceptuses at timed intervals after injection. Fig. 12 illustrates the gradual fall with time in the specific activity of injected enzyme in yolk-sac homogenates, and suggests that the protein is being digested or at least denatured in the cells of the latter.
Comparisons of disappearance rates can therefore be made on animals in different physiological states.
Unfortunately it is not possible to use identical experimental procedures at pre-placental stages of pregnancy in visceral yolk-sac at varying times after intravenous injection of 12 mgjkg horseradish peroxidase into pregnant rats. Peroxidase assay according to Beck et al. (1967) and protein by the method of Lowry (1951) . since individual conceptuses do not provide sufficient yolk-sac material for reliable assay. It is necessary, therefore, to inject a number of animals of similar age and at the same stage of pregnancy with identical doses of peroxidase per kg of body weight, to kill individuals at various times after injection, and to pool all the egg cylinders ( Fig. IV) so obtained for the purpose of providing a single composite reading. Although the study of the digestive capacity of egg cylinders is an important control in experiments on embryotrophic nutrition, there is little to suggest that the catabolic activities of the yolk-sac epithelium alter significantly as pregnancy proceeds, since neither lysosomal enzyme levels nor the uptake of an undigested marker (such as trypan blue) alter in degree of magnitude during gestation (Table 1) .
The breakdown of macromolecules by foetal membranes for the purpose of embryotrophic nutrition will be influenced not only by the digestive capacities of the latter, but also by their ability to take up material by phagocytosis and pinocytosis. Cohn (1966) and Cohn & Parks (]967a; 1967b) have demonstrated that such functions can be greatly stimulated or depressed in cultured mouse macrophages by the addition of appropriate agents to the culture medium and it is not inconceivable that changes in the in vivo cell environment might modify its capacity for endocytosis.
In addition, phenomena such as the well-known, though little understood, observation of 'blockage' of the reticulo-endothelial system by diverse agents such as colloidal carbon particles and certain azo dyes, could well influence the uptake of macromolecules by Table 1 . Variations in the uptake of trypan blue and in levels of lysosomal enzymes in the visceral yolk-sac epithelium of the rat at various stages of gestatio!,. Trypan blue was assayed exactly 24 hours after the mother had received a subcutaneous injection of 50 mg/kg body weight. All estimations were made by methods described by Lloyd, Beck, Griffiths & ,Parry (1968) .
·The number of yolk-sacs examined at each stage, except at 11.5 days where two determinations were made each on the pooled yolk-sacs from one rat. foetal membranes. In order to test this phenomenon, it is useful to select an indigestible material such as trypan blue as a marker, and to measure its uptake by the visceral yolk-sac in various physiological states. Preliminary results show a depression of uptake as measured by specific activities in yolksac homogenates 24 hours after subcutaneous injection of 50 mg/kg of the dye in animals treated simultaneously with Triton WR 1339 (given intraperitoneally). Triton WR 1339 is a non-ionic detergent which accumulates in the vacuolar system of the visceral yolk-sac epithelial cells (Schultz, Reger & Schultz, 1966) ; in this case it seems to have impaired the capacity of this foetal membrane to absorb trypan blue/protein macromolecules.
Complicating in vivo studies of the digestive capacities of foetal membranes is the difficulty of excluding or allowing for any possible excretion of previously pinocytized material in an unaltered form. This might occur, for example, in the case of injected horseradish peroxidase when maternal serum levels of the enzyme fall as a result of excretion into the urine (Straus, 1962) . In such a case, at least part of the fall in yolk-sac levels of the enzyme after maternal injection may not be due to intracellular digestion. To overcome this difficulty, it is possible to grow visceral yolk-sac epithelium from peroxidase-treated animals in organ culture and to assay both the explanted foetal membrane and the culture medium for peroxidase. Table  2 shows that the fall in peroxidase level cannot be explained by excretion into the culture medium and (since the free enzyme loses at most 20 per cent of its activity when incubated under the conditions of culture) allows a realistic assessment of the digestive capacity of the visceral yolk-sac to be made. The difference in rates of peroxidase loss in theexplants and in the whole system are accounted for by the appearance of relatively small amounts of peroxidase in the culture medium. This may be due to washing off of enzyme absorbed onto the surface of the explant, to active excretion by its cells, or to some cell death during the culture period.
EMBRYOTROPHIC NUTRITION IN OTHER SPECIES
In stressing the importance of embryotrophic nutrition during the organogenetic period of embryogenesis, we have concentrated upon the visceral layer of the rodent yolk-sac as an example of a foetal membrane concerned with this function. This consideration has been dictated by the fact that the yolksac is easily dissected free of other foetal membranes and that in rodents, lagomorphs and many insectivores it has reached an extraordinary degree of functional development, having become the only extra-embryonic tissue capable of breaking down macromolecules to an appreciable extent. In other mammalian forms embryotrophic nutrition is carried out by a wide variety of foetal membranes using, as far as can be seen, the same principle of intracellular digestion of pinocytized material. In carnivores, for example, the chorionic lining of the haemophagous organ (Creed & Biggers, 1964) is capable of endocytosis and is well supplied with hydrolytic enzymes as shown by histochemical tests for acid phosphatase (personal observations). In addition the tips of the primary chorionic villi of the endotheliochorial placenta in these forms are covered by tall acid phosphatase-positive trophoblastic cells which take up maternally-injected trypan blue. In the rhesus monkey, Wislocki & Bennett (1943) have demonstrated the capacity of the syncitiotrophoblast to take up colloidal carbon particles during the early part of pregnancy (before day 58); in man this same tissue is strongly phosphatase positive (personal observations) and electron microscopic observation shows that it is engaged in pinocytosis. It seems likely, therefore. that although the topographical site of embryotrophic nutrition may vary between species, the cytological details and the physiological significance of the process remains unaltered in all mammals.
